Abstract: Optical-resolution photoacoustic microscopy (OR-PAM) images biological tissue with sub-cellular resolution and optical absorption contrast. OR-PAM is limited by the tradeoff among imaging speed, field of view, and sensitivity. In this work, we present an OR-PAM technique based on an unfocused side-looking fiber optic ultrasound (FOUS) sensor, which achieves high imaging speed, large field of view, and good sensitivity for in vivo imaging. The FOUS sensor is developed based on a dual-polarized fiber laser and read out with real-time frequency demodulation. Via minimizing the readout noise, the sensor offers a noise-equivalent pressure of 43.6 Pa, enabling high detection sensitivity over a large field of view. High imaging speed is achieved via scanning the laser beam with a 2D galvo mirror in the ultrasound detection area. Microvascular imaging with a frame rate of 2 Hz over a 2 × 2 mm 2 area has been demonstrated in the mouse ear. The new OR-PAM technique may be used in the visualization of biological and physiologic dynamics.
Introduction
Optical-resolution photoacoustic microscopy (OR-PAM) images optical absorption contrast at sub-cellular spatial resolution [1] [2] [3] [4] [5] [6] [7] . In OR-PAM, a focused laser beam induces initial pressure rise along the optical axis. An ultrasound transducer detects the pressure wave, generating a depth-resolved 1D image (an A-line). To achieve high sensitivity, the focused ultrasound beam is confocally aligned with the optical excitation beam. A 3D image is obtained by raster scanning the optical and ultrasound beams together. Translating the OR-PAM probe with a precision stage may be slow mainly due to the mass of the probe. It usually takes several to tens of minutes to acquire a high-resolution image over a large field of view [8, 9] . Capturing dynamic processes, such as neurovascular coupling and circulating tumor cells, need a fast imaging speed. Using a voice-coil [10] or water-immersible mirror scanner [11] [12] [13] [14] [15] , the imaging speed has been increased by tens to hundreds of folds, enabling many fast imaging applications. For the water-immersible mirror scanner systems, the presence of the water is the major limit of the scanning speed. Another fast imaging approach is to scan the optical beam only and keep the acoustic beam stationary [16, 17] . In such a configuration, the field of view is limited by the acoustic detection area. An ultrasound sensor with both large detection area and high sensitivity is needed in the optical scanning approach. For instance, a polymer micro-ring resonator was used to perform single-cell imaging with superior spatial resolution [18] . Several fiber optic ultrasound sensors, e.g., on-tip Fary-Perot or π-shift Bragg grating ultrasound sensors, have been developed for OR-PAM [19, 20] . The fiber sensor has miniature size, large detection area, and excellent sensitivity. The passive optical resonator needs to work within a narrow spectral range to gain a good sensitivity. A tunable laser is needed to detect acoustically induced resonance shift. In contrast, a fiber laser is exploited as ultrasound sensor, which intrinsically offers narrow linewidth and high sensitivity.
Previously, we reported a similar laser-based fiber optic ultrasound sensor (FOUS) and demonstrated its application in OR-PAM [21] . However, the signal-to-noise ratio (SNR) was insufficient for imaging biological tissue, and the imaging speed was limited by a slow frequency demodulation system. To address these problems, a photodetector with high optical power handling (Discovery, DSC40S) is used to improve the SNR. Furthermore, using the vector signal analyzer (NI Pxie-5646R) as a fast demodulation system, we achieved real-time data acquisition, processing and image display, which allows for fast in vivo imaging. The sensor offers mm-sized field of view, which avoids acoustic-beam scanning. Using the FOUS sensor and a dual-axis galvo mirror scanner, we develop a fast-scanning wide-field OR-PAM system with a high SNR. In vivo imaging of microvasculature is demonstrated with a field of view of 2 × 2 mm 2 at 2 Hz. Figure. 1(a) shows the schematic of the OR-PAM system incorporating the side-looking FOUS sensor. A 532-nm pulsed laser (VPFL-G-20, Spectral Physics) is employed as the excitation light source. The pulse width is 3 ns. The 1.2 mm laser beam is expanded by two lenses to about 6 mm in diameter. And reflected on a two-axis galvo scanner. Then the laser beam is focused into the sample with an objective lens (AC127-025-A, Thorlabs, NA = 0.1 in air). An optical window is placed between the air and water to maintain a stable optical interface. The water-immersed FOUS sensor is mounted horizontally at a position of 1.6 mm above the sample surface. Volumetric images are acquired via scanning the optical beam along the x and y-axes. An FPGA card (PCIe-7852R, National Instruments) synchronizes the laser excitation, galvo scanning and data acquisition. Figure. 1(b) shows the principle of ultrasound detection using the FOUS sensor [21] . The sensor is based on a dual-polarized fiber laser. Two Bragg grating reflectors in an Er/Yd codoped fiber forms a Fabry-Perot cavity. Each grating is 3 mm in length, and the two are separated by 2 mm. The fiber laser emits two orthogonal polarization modes at ~1530 nm. Because of weak birefringence of the optical fiber, the two polarization modes have a small difference in the lasing frequency, which generates a radio-frequency beat signal (carrier frequency f c = ~2.2 GHz) on a photodiode detector. A 45-degree oriented polarizer is placed before the photodetector to enhance the beat signal. Ultrasound pressure along the fiber radius may modulate the beat frequency. The acoustically modulated beat signal can be measured using I/Q demodulation. The beat signal is mixed with two quadrature radio frequency signals, which have the same frequency and 90-degree phase offset. After the mixing, two baseband signals I and Q are used to recover the modulated signal. The phase information can be extracted via φ = arctan(Q/I). The frequency variation of the beat signal can be recovered by taking the derivative of the phase. The beat signal is processed in a vector signal analyzer (NI Pxie-5646R). By down-converting the beat signal, the data sampling rate is reduced to 100MHz, which enables real-time data acquisition.
Ultrasound detection
A photoacoustic signal from a point source is recorded as shown in Fig. 1(d) . Figure 1 (e) shows the spectrum of the same photoacoustic signal. Ultrasound wave may also excite axial symmetrical modes (zeroth-order azimuthal modes), which is similar with PZT transducer. Because these modes induce the same frequency shift on all radial directions, the FOUS sensor detects the frequency difference between two polarizations and thus does not respond to the common-mode excitation. Figure 1(c) shows the first-order radial/second-order azimuthal mode. This mode dominants in the frequency range of interest (tens of MHz). The central frequency of this mechanic mode is ~22 MHz and the −6 dB bandwidth is ~70%. This provides 110µm axial resolution as shown in Fig. 1(d) and (e), which is slightly worse than conventional ultrasound transducer due to limited bandwidth. The center frequency depends on the diameter of the sensor (~125µm) and can be increased via etching the fiber with hydrofluoric acid. In [21] , a 65-µm sensor provides 40MHz center frequency and almost doubles the axial resolution. Figure 1 (f) exhibits the measured SNR at different fiber-laser powers. An unfocused ultrasound transducer (V214-BC-RM, Panametrics) emitted an ultrasound wave with a frequency range from 5 to 31 MHz. A hydrophone (HMB-0500, ONDA) measures the peak-to-peak acoustic pressure as 75.2 kPa. The front surface of the unfocused ultrasound transducer was placed in parallel with the fiber optic sensor. The noise floor is estimated from six times of the noise standard deviation. The SNR is mainly limited by the noise figure of the photodetector. In high input power regime, the dominant noise source is shot noise, and the SNR is approximately proportional to the square root of the optical power [23] [24] . To have a high signal to noise ratio, we want to increase the incident optical power as high as possible, and have the photodetector work in the shot noise limited region. Eventually, saturation of the photodetector will limit optical power. Therefore, we use a high-power photodetector (Discovery, DSC40S), as well as increasing the fiber laser power, to improve the SNR. As a result, the shot noise is decreased by ~3 dB compared with our previous result [21] . When the input power on the photodiode is 30 mW, the noise-equivalent pressure (NEP) is ~43.6 Pa with a 50-MHz acquisition bandwidth. To achieve fast in vivo imaging, we implemented real-time data acquisition, processing and image display.
We experimentally compare the sensitivity and linearity between the present FOUS sensor and a commercial ultrasound transducer (V214-BC-RM, Olympus). The center frequency of the this transducer are 50MHz and have 80% −6dB bandwidth. Figure 2(a) shows the experimental setup. A black tape is used as an optical absorber to generate photoacoustic signal. The commercial transducer is 6-mm in diameter and is placed under the tape. The output signal is first amplified by 39 dB with an ultrasonic pulse receiver (5073 PR, Olympus), then filtered with a 50-MHz low-pass filter (BLP50 + , Mini Circuits), and eventually digitized and recorded in computer. The FOUS sensor is placed above the black tape. The two sensors are 1.5 mm away from the black tape, so that the received ultrasound pressures are almost the same in amplitude. Figure 2 (b) shows two measured photoacoustic signals. The FOUS sensor has a 16.3-dB higher SNR than the commercial ultrasound transducer. To validate the linearity of the FOUS sensor, we measure different photoacoustic pressures using both the FOUS sensor and the commercial transducer. Figure 2(c) shows the comparison between the measurements from the two sensors. The FOUS measurement is highly linear with the measurement of the commercial transducer, the coefficient of determination is 0.99. To characterize the lateral resolution, we imaged a sharp blade edge. The scanning step size is 0.18 μm. Figure 3(a) shows the maximum amplitude profile along the dashed line in the insert. The amplitude profile was averaged 20 times to yield a smooth edge spread function (ESF). By fitting the ESF with an error function, we calculated the line spread function and estimated the lateral resolution as 3.2 μm, which is close to the diffraction limited optical focal spot size (2.71μm for NA = 0.1, wavelength 532nm). The degraded resolution may be caused by aberration of the imaging system.
OR-PAM
To measure the field of view (FOV), we raster scanned the laser beam over a black tape, assuming that the sample has spatially uniform absorption. The FOUS sensor was 1.6-mm above the sample. Figure 3(b) shows a maximum amplitude projection (MAP) image over 3 × 3 mm 2 . The −6dB FOV is ~3 × 1.6mm 2 . The FOUS sensor partially blocks the optical beam and casts a shadow in the MAP image. Figure 3(c) and (d) exhibit two cross-sectional images along the two dashed lines marked in Fig. 3(b) . Along the fiber, the FOUS sensor works as a line detector. As shown in Fig. 3(e) , a spherical ultrasound wave can effectively excite only a small region, whose dimension is comparable to the acoustic wavelength and is much shorter than the laser cavity [22] . As a result, the sensitivity along the fiber is proportional to the profile of the intracavity intensity, which is determined by the gain medium, the grating coupling efficiency, and the cavity length. Along the radial direction of the fiber, the FOUS can be treated as a point detector, as shown in Fig. 3(f) . The sensitivity on the radial direction depends on the angle θ between the ultrasound incidence direction and the fiber principle axis, following a |cos(2θ)| function. The view angle is ~60 degrees. The variation in depth in Fig. 3(d) is due to the distance change between the sensor and the acoustic source when scanning across the fiber sensor. Here we perform continuous imaging to test the stability of the sensor in this OR-PAM system. We image two human hairs in B-scan mode. The B-Scan rate is 0.2Hz, and we acquire data for 30 minutes. The images are shown in Fig. 4(a) and (b) . No noticeable variation of the sensitive was observed. We also observed that, even with vibration or temperature change, the FOUS sensor remains stable with high sensitivity [21] . In a previous report [21] , we scan the sensor at ~10 mm/s in water and find the FOUS remains stable due to the heterodyning detection.
The imaging speed was tested by imaging black ink flowing in a transparent plastic tube. Each frame covers an area of 2.8 × 1 mm 2 with 200 × 100 pixels. The repetition rate of the pulsed laser is 160 kHz. The scanning speed along the fast and slow axes are 400 and 2 Hz, respectively. The 3D imaging rate is 4 Hz. Figure 5 (a) shows four consecutive snapshots captured by the OR-PAM system. The average flow speed was calculated as 1.4 mm/s, in good agreement with the set value.
We imaged the mouse ear to demonstrate in vivo imaging. All procedures involving animals were approved by the animal ethical committee of City University of Hong Kong. The laser pulse repetition rate is 100 kHz. The scanning rates along the fast and slow axes are 100 and 0.2 Hz, respectively. One image has 500 × 500 pixels over a scanning area of 2.2 × 2.2 mmmJ/cm 2 when focusing at 118 μm deep. Please note that the surface fluence might be different when focusing at different depths. This fluence is still above the ANSI safety limit. In the future, we will make further effort to improve the SNR and lower the fluence for in vivo imaging. Figure 5 (c) shows an MAP (maximum amplitude projection) image of microvessels in the mouse ear. Both trunk vessels and capillaries can be resolved in the image. A volumetric image of the mouse ear is shown in Fig. 5(d) and Visualization 2. To image hemodynamics, the scanning rate was increased to 2 Hz with a FOV of 2 × 2 mm 2 . The laser repetition rate was 160 kHz. The B-scan rate was 400 Hz. Each volumetric image has 200 × 200 A-lines. The step size in the lateral direction is 10 µm. This imaging speed enables recording blood flow in both trunk vessels and capillaries. The highest measurable flow speed is 4mm/s in the transverse plane. Figure 5(b) shows three consecutive snapshots with a time interval of 0.5 seconds. More results are shown in the Visualization 1, the negative contrast feature was enhance by 40% in the video. We can see a negative contrast feature flowing in the blood vessel. The flow speed in an 82-μm-diameter vessel is calculated as 0.57mm/s. In a 34-μm-diameter vessel, the flow speed is 0.32 mm/s.
Conclusion
In summary, we present a fast-scanning OR-PAM technique based on a fiber optic ultrasound sensor. The ultrasound sensor is side looking and unfocused, providing a large field-of-view. Moreover, the ultrasound sensor has narrow linewidth and a differential detection mechanism, offering both high sensitivity and great stability. In OR-PAM, the ultrasound sensor remains stationary, and the excitation laser beam is rapidly scanned in the air. By optimizing the detection sensitivity and increasing the real-time imaging speed, we develop OR-PAM with large field of view, high speed, and good sensitivity. We have demonstrated in vivo OR-PAM with a 2 × 2 mm 2 FOV at a volumetric rate of 2 Hz. The fast scanning speed enables imaging physiologic dynamics in both trunk vessels and capillaries.
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